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Abstract
Non-destructive tests (NDT) are commonly used in construction to evaluate concrete
quality for both existing structures and during construction. The reliability of these
tests have been questioned. This thesis is concerned with evaluating concrete
strength and durability using different non-destructive tests (NDT). Also, it focuses
on applying different combination of NDT to predict the concrete strength and
durability using regression models. The main objective of the study was to
investigate how to improve the reliability of nondestructive tests NDT to evaluate the
concrete quality by combining more than one NDT test for concrete mixtures
commonly used in Al Ain city, United Arab Emirates. The concrete quality was
evaluated by measuring strength and durability. Different tests were conducted like
ultrasonic pulse velocity (UPV), surface rebound number (Rn) and core test for
predicting the concrete strength, while surface resistivity (SR) was used to predict the
durability. NDT were combined using regression models to predict the concrete
strength and durability. The study developed several models to combine UPV and Rn
to predict compressive strength based on individual results obtained from each test,
choose the best model, and compare the predicted values to actual results. Several
models were developed to combine UPV and SR to predict concrete durability
assessed by the rapid chloride permeability test (RCPT). The developed models were
examined to choose the superior one and evaluate the predicted values to the actual
results. The developed models are expected to improve the reliability of predicting
the concrete quality, strength and durability for concrete structures in Al Ain city.
Also, it is expected to improve quality control in concrete production by using fast,
cost-efficient and reliable NDT method.

Keywords: Non-destructive tests, concrete compressive strength, ultrasonic pulse
velocity, rebound number, SR, rapid chloride permeability test, durability, regression
model, reliability.

vii

)Title and Abstract (in Arabic

الجمع بين االختبارات غير المتلفة لتحسين تقييم جودة الخرسانة
الملخص

تستخدم االختبارات الغير متلفة عادة لتقييم جودة و نوعية الخرسانة في المباني القائمة أو
قيد اإلنشاء .في هذه األطروحة سيتم استخدام هذه االختبارات لتقييم مقاومة ومتانة
الخرسانة .حيث سيتم جمع أكثر من اختبار معا ً و ذلك من خالل جمعها في نموذج رياضي.
الهدف الرئيسي لهذه الدراسة هو كيفية تحسين دقة االختبارات الغير متلفة وذلك من خالل
الجمع فيما بينها لتقييم جودة الخرسانة المستخدمة في المشاريع اإلنشائية في مدينة العين في
دولة اإلمارات العربية المتحدة .إن التقييم المتعلق بمقاومة الخرسانة يتم عن طريق
اختبارين هما سرعة الموجات الفوق صوتية ورقم االرتداد لسطح الخرسانة .تم وضع عدة
نماذج للجمع بين هذين االختباريين سرعة الموجات فوق صوتية و رقم ارتداد سطح
الخرسانة لحساب مقاومة الخرسانة .أما االختبار المستخدم لتقييم متانة الخرسانة فهو اختبار
مقاومة الكهربائية لسطح الخرسانة ،وسيتم تقييم متانة الخرسانة من خالل اختبار نفاذية
أيونات الكلوريدات السريع .و قد تم مقارنة النماذج المقترحة لتقييم مقاومة ومتانة الخرسانة
بنتائج فعلية ،و أثبتت تحسن في تقييم جودة الخرسانة .ومن المتوقع تحسن تقييم جودة
الخرسانة من خالل استخدام هذه النماذج في تقييم مقاومة ومتانة المباني الخرسانية في
مدينة العين .إضافة إلى تحسين جودة المراقبة في إنتاج الخرسانة باستخدام طرق اختبارات
سريعة وموثوقة وفاعلة من حيث التكلفة.
مفاهيم البحث الرئيسية :االختبارات غير المتلفة ،مقاومة الخرسانة ،متانة الخرسانة،
سرعة الموجات فوق صوتية  ،رقم ارتداد سطح الخرسانة ،المقاومة الكهربائية السطحية
للخرسانة ،اختبار نفاذية أيونات الكلوريدات السريع ،الدقة والجودة.
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Chapter 1: Introduction
1.1 Statement of the problem
Different tests are used to evaluate concrete properties, especially concrete
strength and durability. However, non-destructive tests (NDT) are commonly used
for existing structures or even during construction.
Several properties of concrete can be evaluated using NDTs. The reliability
of tests results have been the concern of all NDTs users. Several studies were
conducted to examine the reliability of NDTs results and the factors which
influenced the obtained results. The calibration of a specific NDT to the concrete
produced in a project could result in improving the reliability of results.
Unfortunately, these calibrations have to be performed for each job separately and
cannot be generalized. Also, each NDTs has limitations to be realized when selecting
the NDTs to be used. The combination of more than one NDTs was sought in order
to improve the reliability of test results and overcome the limitations of these tests.
Combining NDT is considered an efficient and economic way to evaluate concrete
structures and at the same time be able to obtain reliable results.
1.2 Objective of the study
The main objective of the study is to investigate how to improve the
reliability of NDT results to evaluating the concrete quality by combining more than
one test. The concrete quality was evaluated by determining compressive strength
and durability. Different concrete grades, which are commonly used in the city of Al
Ain, UAE (30, 35 and 40 MPa), were utilized in the current study. Concrete mixes
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were obtained from six various concrete ready mix plants in Al Ain city (A through
F). The main objectives of the study are as following:


Evaluate concrete strength using different NDTs and compare them with
actual strength.



Combine NDTs to evaluate strength and study the weight of each test on the
predicted strength.



Propose a model using combined NDT to evaluate strength.



Evaluate concrete durability using NDT and compare with laboratory test
used to assess concrete durability.



Combine NDT and develop a model to assess concrete durability.

1.3 Methodology
The study includes experimental investigations followed by analytical and
statistical investigation of the obtained results. Different concrete grades and quality
from different ready-mix concrete companies in Al Ain city were employed. Grades
range from 30-40 MPa which are commonly used in projects in Al Ain city were
employed.
In the study, the concrete quality was evaluated by measuring strength and
durability. Strength was assessed through compression tests on cube specimens and
cores extracted from concrete slabs, surface hardness by measuring the rebound
number using Schmidt hammer (Rn) and ultrasonic pulse velocity (UPV) test. The
concrete durability was evaluated through rapid chloride permeability test (RCPT)
and surface resistivity (SR) test. The concrete strength was evaluated by NDT and
compared to actual strength. The results of different NDT were combined to evaluate
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strength. The weight of the results of each test on the predicted strength was assessed
using statistical software. A model combining different NDTs to predict strength was
proposed and evaluated. The concrete durability was evaluated by NDTs and
compared to laboratory-measured durability index (i.e., chloride ion penetration by
RCPT). A model was proposed to use different NDTs to predict concrete durability.
1.4 Expected impact of study
Using NDTs is a common practice in concrete construction to evaluate its
quality for both existing structures and during construction. The reliability of these
tests influences the judgment of concrete quality. The expected outcome of this study
is to improve the reliability of NDTs to evaluate concrete quality mainly strength and
durability for projects in Al Ain city, UAE. This is expected to improve quality
control in concrete production by using fast, cost-efficient and reliable NDT
methods.
1.5 Organization of the thesis
This thesis is divided into six chapters as follows:
Chapter 1: a brief introduction about the problem statement to evaluate
concrete quality using NDT, followed by study objectives, methodology, expected
impact of study and organization of the thesis.
Chapter 2: literature review on NDT test used on this study, NDT used to
evaluate concrete strength, NDT used to evaluate and assess the durability and
combination of NDT to predict the concrete strength and durability.
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Chapter 3: includes collecting concrete samples from different ready-mix
concrete companies in Al Ain city and its mix design, testing and methodology for
each test used for strength and durability (cube compressive strength, core test,
rebound number test, UPV test, SR test and RCPT).
Chapter 4: focuses on the analysis of results for all tests and conclusions and
reasons of the obtained results.
Chapter 5: illustrates the development of models for each NDT to evaluate
strength, combines NDT to assess the concrete strength, and compares the predicted
values to actual results. The chapters also includes models’ development to evaluate
the concrete durability and comparison of predicted values with actual results.
Chapter 6: includes main conclusions of the study and recommendations for
future study.
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Chapter 2: Literature Review
2.1 Introduction
The main objective of the study is to investigate how to improve the
reliability of NDTs to evaluate the concrete quality by combining multiple NDTs.
The concrete quality was assessed by determining compressive strength and
durability. This chapter will focus on NDTs, and techniques, evaluation, and
assessments of different approaches for strength and durability.
2.2 Non-Destructive test for strength
Breysse (2012) illustrated the historical review in NDT innovation and its
combination to assess specific properties such as concrete strength. NDTs are used to
evaluate structures to measure specific properties in order to assess its intergarety.
Different NDTs are combined with destructive test, such as the cores which are
extracted for compressive strength, in order to evaluate concrete strength. The
rebound number meaurements (Rn) and ultrsonic pulse velocity (UPV) are the most
common tests used in practice (Breysse 2012). The important concern with regards to
each NDT is the reliability and uncertainty of test results. The reliability and
uncertainty of results mainly are affected by the wide range of measurements. Also,
other factors, which affect the reliability of results were temperature, moisture
content, surface condition, etc. Factors that affected the the UPV test to assess
concrete strength included concrete mix design components, especially aggregates
(i.e., grading, size and quality), cement paste volume, presence of reinforcements,
concrete age, temperature and humidity (Breysse 2012). As the aggregate volume
increased the UPV values increased due to the high density of aggregate which
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allows faster transamition of the wave. Cement content had low influence on UPV
values. Presence of the reinforcement in concrete increased the value of UPV and it
was suggested to know the location of the reinforcement before conducting the test.
Also, the arrangment of UPV had a different effect on the measurements, such as
direct, semi-direct and indirect measurements. Late age of concrete also led to an
increase UPV value. Several factors affected the rebound number measurements.
Surfaec hardness of concrete was affected by the porosity of concrete. High porosity
decreased the rebound number value. Also, concrete mix design, humidity, surface
condition, aggregates size and type and age of concrete had affected the value of Rn.
Concrete age affected Rn because of carbonation which increased the value of Rn.
Breysse (2012), evaluated concrete strength using UPV test alone. The variation was
large and the estimated concrete strength by UPV was very dependent on concrete
age. This led to low reliability in the predicted strength due to rate of hydration,
which affected the measurements. However, Rn test measurements were affected by
the surface preparation, types of aggregates and other properties. In addition, a
number of measurements would affect the reliability of predicted strength.
Molina et al. (2014) studied different NDT to predict concrete strength and
modulus of rupture. NDT used were ultrasonic pulse velocity (UPV), surface
electrical resistivity, rebound number (Rn) and response frequencies. UPV test was
used to predict the concrete strength. However, it was affected by several factors
such as size, types and content of aggregates, water to cement ratio (w/c) and
surrounding humidity. Also, the relationship between Rn and compressive strength
of concrete was calibrated since Rn measured the concrete surface hardness. Two
stages of experimental work was conducted. In stage one, different water to cement
ratios (w/c) were used (from 0.55 up to 0.67). In stage two, two w/c ratios were used;
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0.5 and 0.65. For both stages, different specimens were used: concrete cylinders with
a 100 mm diameter and 200 mm height, and concrete cylinders with 150 mm
diameter and 300 mm height. The tests were conducted at different ages: 3, 7, 14, 21
and 28 days. Figure 2-1 presents the relationship between UPV and measurements of
compressive strength for first stage. As age increased, the measured strength
increased for all w/c ratio. High scatter in the UPV value was noted due to the wide
range of w/c ratio. Figure 2-2 shows the relationship between UPV and measured
compressive strength of stage 2. It was noticed that the scatter in UPV values was
reduced due to the use of (2) w/c ratios. The UPV values were reduced as the w/c
ratio increased and as the age decreased.

Figure 2-1: Compressive strength versus ultrasonic pulse velocity stage one (Molina
et al., 2014)
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Figure 2-2: Compressive strength versus ultrasonic pulse velocity stage two (Molina
et al., 2014)

Figure 2-3 illustrates the relationship between compressive strength and
rebound number for stage one. It was observed that there was high scatter in the
values due to the wide range of w/c ratio. It was concluded that it was difficult to
have a coupled relationship to predict compressive strength using UPV and Rn. The
study suggested to combined both NDT tests (UPV and Rn) to better assess concrete
strength.
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Figure 2-3: Compressive strength versus Rn in first stage (Molina et al., 2014)

Amini et al. (2016) investigated the evaluation of concrete strength using Rn
and UPV as NDT. It was concluded that several factors affected the strength
prediction, such as moisture content, quality, surface hardness, carbonation,
aggregates (type and size) and age. The study used different models to predict
strength of concrete from each NDT. These models ranged from linear to power
models. Figure 2-4 shows the strength prediction using Rn and UPV for different
models. It was concluded that both power and exponential models overestimated
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strength for both UPV and Rn. The study concluded that these NDT should be
combined to improve strength evaluation.

Figure 2-4: Compressive strengthprediction using UPV and Rn using different
models (Amini et al., 2016)

Hadianfard and Jafari (2016) studied the use of NDT such as UPV to evaluate
concrete strength of lightweight concrete (LWC). The lightweight aggregate (LWA)
was used in concrete mixtures for earthquake resistant buildings. Three different
concrete mixes were used. Table 2-1 shows LWC mix design for one cubic meter.
Three LWA types were used: expanded clay, natural pumice ½ inch in size and
natural pumice ¾ inch in size. Hundred specimens were tested using UPV. Also,
several factors were studied such as w/c and weight ratio of LWA to all aggregate.

11
Table 2-1: Lightweight aggregate concrete mixes (Hadianfard and Jafari, 2016)

Figure 2-5 shows relationship between UPV and water to cement ratio. As
w/c ratio increased, UPV was reduced for all mixes. Figure 2-6 shows relation
between UPV and different LWA contents with respect to different w/c ratio. As the
LWA content increased, the UPV was reduced. The relation between UPV and
compressive strength is presented in Figure 2-7. It was noticed that, compressive
strength increased with higher UPV. This relation is dependent on the LWA type.

Figure 2-5: UPV and w/c ratio for all mixes (Hadianfard and Jafari, 2016)
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Figure 2-6: UPV and weight ratio LWA (01 to 03) (Hadianfard and Jafari, 2016)
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Figure 2-7: Compressive strength and UPV (Hadianfard and Jafari, 2016)

Also, exponential models were used to fit the relation between UPV and
compressive strength for all tested LWA types. Figure 2-8 shows measured results
and proposed exponential models for all LWA types. It showed high accuracy in
terms of predicting compressive strength using UPV. The coefficient of correlation
(R2) was 0.76, 0.94 and 0.97 for the different LWA types. Also, another method was
used to improve accuracy of compressive strength prediction, known as Gene
Expersion Programming (GEP), using genetic algorthims. Figure 2-9 shows the UPV
results and compressive strength of all LWA concrete mixtures and the developed
GEP model. The GEP model was able to be predict compressive strength for all
LWA concrete mixtures. The coefficient of correlation (R2) was 0.96.
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Figure 2-8: Predicted compressive strength and UPVfor LWA01 up to LWA03
(Hadianfard and Jafari, 2016)
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Figure 2-9: Predicted compressive strength and UPV using GEP (Hadianfard and
Jafari, 2016)

Chingalata et al. (2017) studied the assessment of compressive strength using
NDT, UPV and rebound number and the factors that affected measurements of each
NDT. Table 2-2 illustrates factors that influenced UPV value. For example, w/c and
aggregate had high effect on UPV.

Table 2-2: Factors affect UPV measurements (Chingalata et al., 2017)

The rebound number (Rn) measurements were affected by several factors as
shown in Table 2-3. Concrete composition mainly w/c and aggregate type and size
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and carbonation affected the measurements of Rn. Carbonation increases the Rn
value, while Rn decreases with the increase of the w/c ratio.

Table 2-3: Factors affect Rn measurements (Chingalata et al., 2017)

A case study was conducted to obtain compressive strength based on different
mathematical models from previous studies. Some of these models were obtained
using only UPV while others used only Rn. Twenty cubic specimens (150×150×150
mm) were tested to evaluate compressive strength, UPV and Rn. Figure 2-10
presents a relation between actual compressive strength and predicted strength based
on UPV and using different models. The prediction using one model under estimated
the compressive strength, while the second model nearly estimated compressive
strength between 15 to 25 MPa. Figure 2-11 shows the relation between predicted
compressive strength based on Rn only and actual compressive strength using
different models. One model produced values close to actual compressive strength
especially for concrete strength from 15 to 25 MPa. It was concluded that Rn was
better in predicting strength than UPV. Also, it was concluded that accuracy of
prediction can be improved by combining UPV and Rn.

17

Figure 2-10: Predicted compressive strength to actual based on UPV (Chingalata et
al., 2017)

Figure 2-11: Predicted compressive strength to actual based on Rn (Chingalata et al.,
2017)
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2.3 Non-Destructive test for durability
FHWA-HRT-13-024 (2012) study focused on the evaluation of the
relationship between SR and rapid chloride permeability test (RCPT). The study used
25 different concrete mixes. The mixtures were different with respect to the w/c
which ranged from 0.37 to 0.50. Two groups of concrete mixes were used, one with
only ordinary Portland cement and the other used supplementary cementitious
material (SCM) like fly ash. SR and RCPT were measured at 28 days of age.
However, the concrete mixes with (SCM) were tested at age of 56 days, since it
includes SCM. The SR test was perfromed based on (AASHTO TP 95). The SR was
carried out using four-point Wenner probe as shown in Figure 2-12. For each
specimen, 8 readings were recorded. The relation between RCPT and SR is
illustrated in Figure 2-13, the correlation coefficient (R2) was 0.92. It was concluded
that SR is more convenient to evaluate the concrete durability since it was easier and
needed less time to conduct compared to the RCPT. Also, the coefficient of variance
(COV) for SR test ranged from 0.90 to 14.9%, while that for RCPT ranged from 2.9
to 13.9%. Table 2-4 shows the classification of RCPT as per ASTM C1202 (2017)
and the corresponding SR as per “AASHTO TP-95”. Based on the classifications
given in Table 2-4, the relationship between SR and RCPT can be divided into 3
zones as shown in Figure 2-13.
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Table 2-4: Chloride penetrability classification (FHWA-HRT-13-024, 2012)

Figure 2-12: SR test using four-point Wenner probe(FHWA-HRT-13-024, 2012)

Figure 2-13: Relation between RCPT and SR (FHWA-HRT-13-024, 2012)
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The obtained curve from this study was compared to other studies FHWAHRT-13-024 (2012). Figure 2-14 shows the comparison between different curves. It
was noticed that there was a slight difference among all curves.

Figure 2-14: Correlation between SR and RCPT obtained from different studied
(FHWA-HRT-13-024, 2012)

Sengul (2014) studied electrical resistivity as an indication of concrete
durability. The objective was to find the relationship between chloride ion diffusion
and electrical resistivity. The non-steady state chloride diffusivity test needed at least
two days including preparation and testing. The electrical resistivity test could be
conducted in a very short period of time, which made it more suitable for in-situ
evaluation. Several factors affected the electrical resistivity measurements, such as
w/c, cement type, presence of pozzolanic admixture and degree of hydration. SR was
conducted using Wenner four–probe electrode. Twenty nine concrete mixes were
used in this study with different amounts of cement, w/c ratio and pozzolanic
admixtures such as fly ash, silica fume and ground granulated blast furnace slag.
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Tests were conducted at different ages 3, 7, 14, 28, 90 and 365 days. The relationship
between the non-steady state chloride ion diffusion and electrical resistivity is
illustrated in Figure 2-15. It shows a decrease of chloride ion diffusion with an
increase in electrical resistivity.

Figure 2-15: Electrical resistivity with non-steady state chloride ion diffusion
(Sengul, 2014)

Also, the relation between the electrical conductivity (i.e., conductivity = 1 /
resistivity) and non-steady state chloride ion diffusion is illustrated in Figure 2-16. It
should be noted that the developed relationship was confined to tested mixtures.
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Figure 2-16: Electrical conductivity with chloride ion diffusion (Sengul, 2014)

Many factors affected

electrical

resistivity measurements

such

as

temperature, aggregate content and moisture condition. Figure 2-17 shows that as the
temperature increased, the electrical resistivity decreased since it affect the electron
mobility, higher temperature lower movements of electrons. Size of aggregates
affected electrical resistivity. Using coarse aggregate with a nominal maximum size
between (16-32 mm) gave higher value compared to coarse aggregate with size (04mm) this due to difference aggregate size and concentration as shown in Figure 218. The moisture condition of concrete affected the measured resistivity, oven dry
condition gave a higher value while saturated surface dry gave lower value since the
moisture content affect electrical flow current, which affect the ions flowing through
the pores with presence of moisture. Figure 2-19 presents relation between electrical
resistivity and concrete moisture condition. It was concluded that electrical resistivity
could be used to evaluate that concrete durability.
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Figure 2-17: Electrical resistivity with temperature (Sengul, 2014)

Figure 2-18: Electrical resistivity with aggregate size and content (Sengul, 2014)
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Figure 2-19: Electrical resistivity with concrete moisture condition (Sengul, 2014)

Azarsa and Gupta (2017) studied the evaluation of concrete durability based
on electrical resistivity. Electrical resistivity was conducted using different
techniques such as bulk resistivity (i.e., the resistivity of the whole specimen) and SR
(i.e., at the concrete surface). The SR was measured using the Wenner-four-point
probe. Different factors affected the measurement of electrical resistivity like
concrete mix design, type of apparatus used in measurement, other related to the
condition of the specimen such as moisture condition. Increasing w/c ratio decreased
the value of electrical resistivity due to increase in pores. Also, aggregate type
affected electrical resistivity in term of content. The use of crushed aggregate
increased the electrical resistivity, while the use of rounded aggregate resulted in a
decrease of the resistivity. This was due to the specific surface area of aggregate,
which affected bonding between aggregate and cement paste. Also, the concrete
moisture condition affected measured resistivity. Resistivity values were inversely
proportional to moisture content. Therefore, in order to avoid variation in
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measurements due to saturation condition, all samples were stored under water. The
study concluded that SR measurements should be conducted on concrete surface free
of cracks to avoid its influence on results. This study recommended taking the
average of different electrical resistivity measurements at different locations.
Temperature and moisture condition and aggregate content had significant influence
on electrical resistivity. The study also reported that there was a strong direct linear
correlation between SR and bulk resistivity. Finally, the study concluded that
electrical resistivity can be used to evaluate chloride ion permeability as per ASTM
C1202.
Derobert et al. (2017) studied chloride ingress or diffusion into concrete using
different NDT techniques. The previous methods used to indicate the chloride ions in
concrete structure or sample were considered time-consuming but reliable in terms of
results. Concrete contaminated by chloride ions could affect the structure integrity. In
this study, eight different concrete mixes were tested by different NDT techniques,
such as electrical resistivity using four-probe square array device, radar techniques
and capacitive technique. Eleven slabs were cast for each concrete mixture. Eight
slabs for each mix were used to measure the chloride ion, half of this slabs were
exposed to NaCl salt solution with concentartion 20 g/L and different degree of
concrete saturation at exposure to solution (one slab 40%, one with 80% and other
two with 100%) at temperature of 80 ֯C. The other four slabs were exposed to NaCl
solution with concentration of 120 g/L with the same saturation conditions. SR was
conducted at different locations on slab and the average reading were calculated. The
study concluded that electrical resistivity and used NDT were sensitive to the
presence of chlorides. Also, other factors affected the measurements, which were
saturation rate and porosity of the concrete.
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Luque et al. (2014) studied the evaluation of chloride ingress into concrete
using different NDT techniques. Chloride ion could lead to deterioration of concrete
structures. The objective was to study the advantages and limitation for each NDT
technique. The NDT used were electrical resistivity, ion selective electrode (ISE) and
optical fiber sensors (OFS). Only result related to electrical resistivity was discussed
here. The chloride presence will decrease electrical resistivity. The electrical
resistivity could be used to estimate chloride diffusion coefficient. Several factors
affected the measurements of electrical resistivity such as relative humidity,
temperature and concrete composition and its moisture condition. The most sensitive
factor was concrete moisture content. It concluded that the arrangement and
geometry of the used device and concrete moisture condition affected the test results.
This was reflected on the prediction of chloride ion diffusion. Also, using low cost
NDT techniques with respect to its reliability could help in corrosion initiation risk
assessment for structures.
2.4 Combination of NDT to evaluate strength and durability
Studies on evaluating concrete strength and durability conducted using single
NDT had limitation with respect to results accuracy and reliability. All
investegations concluded that more than one NDT should be combined together in
order to improve accuracy and reliability.
Breysse (2012) studied combination between UPV and Rn. Combination of
different NDT were affected by several factors. To reduce its influence, combination
was used which led to improved results to evaluate concrete properties such as
compressive strength. For example, high humidity increased UPV measurements
while reduced Rn. The study focused on improving different algorithm models
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developed from previous studies by calibrating constant coefficients related to UPV
and Rn. Two approaches were used, one based on bilinear multivariante regression
(approach A) and power model (approach B). The function related to both
approaches with constant coefficient were expressed as follows respectively:
lnfc = ln a + b lnV + c lnR

Eq: 2-1

fcest-cal = (a/k) VbRc

Eq: 2-2

All a, b and c are coefficients of bilinear multivariante regression, k defined
as the mean of estimated strength (fcest,mean) and the mean value of experimental
strength (fcexp,mean). fc is compressive strength before calibration, V is ultrasonic pulse
velocity, R is rebound number and fcest-cal is define as estimated calibrated
compressive strength. All models were calibrated using results from the study. Both
approaches were applied on 15 different models from previous studies. Table 2-5
shows the results of estimated compressive strength for both approaches based on
using different models from previous studies. The estimated compressive strength
(fcest) using two approaches gave good estimation based on the coefficient of
correlation R2, which ranged from 0.70 to 0.96 for the different model used. Figure
2-20 presents the estimated compressive strength to actual compressive strength
using approach (B) without calibration. While, Figure 2-21 shows the relation
between estimated and actual compressive strength using approach (B) with
calibration.
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Table 2-5: Coefficient of correlation R2 for estimated compressive strength for both
approaches (Breysse, 2012)
Models from
previous studies *
Cianforne [26]
Knaze Beno [60]
De Almeida [30]
Oktar [87]
Arioglu [1]
Qasrawi [98]
Cummings [28]
Domingo [33]
Idrissou [55]
Wu [118]
Muniandy [82]
Machado [70]
LeeJian [63]
Sbartai [104]
Lenzi [64]
average

Without calibration
fcest (A)
fcest (B)
0.912
0.914
0.782
0.790
0.827
0.827
0.815
0.815
0.918
0.917
0.890
0.898
0.770
0.783
0.974
0.974
0.803
0.801
0.930
0.914
0.751
0.754
0.892
0.889
0.866
0.868
0.707
0.710
0.895
0.895
0.849
0.850

Calibration
fcest (A)
fcest (B)
0.915
0.914
0.863
0.790
0.846
0.827
0.815
0.815
0.925
0.917
0.914
0.898
0.946
0.783
0.971
0.974
0.824
0.801
0.944
0.914
0.845
0.754
0.928
0.889
0.963
0.868
0.707
0.710
0.887
0.895
0.886
0.850

* reference number from (Breysse, 2012)

The variation using calibrated models gave good estimation for compressive
strength with ±10 MPa of actual results. It was found that combinations of NDT were
efficient in term of predicting compressive strength. In addition, it was concluded
that different models varied in terms of estimated compressive strength. Combined
NDT could also be linked or merged with other semi-destructive test such as pull-out
test or core test to better improve accuracy and reliability. This could increase cost
and time of conducting the tests.
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fcest (B) (MPa)

Figure 2-20: Estimated to actual compressive strength using approach (B) without
calibration (Breysse, 2012)

fcest (B) (MPa)

Figure 2-21: Estimated to actual compressive strength using approach (B) with
calibration (Breysse, 2012)

Sbartaiet al. (2012) studied the evaluation of concrete properties such as
compressive strength and water content by applying response surface model (RSM)
and neural network techniques (ANNs). The NDT used in this study were UPV,
ground penetration radar (GPR) and electrical resistivity. A concrete slab (500×
250×120 mm), was cast for 8 different concrete mixes. The water to cement ratio
(w/c) varied from 0.30 to 0.80. The study objective was to combine different NDT to
examine the RSM and ANNs models to evaluate concrete strength based on
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combined UPV and GPR. Test data were divided in into two groups. Both
approaches used the first group of data for training. The second data group was used
to test both approaches. Figure 2-22 presents predicted compressive strength to
actual strength following the RSM approach using training data. Figure 2-23 presents
the predicted to actual strength using ANNs approach using training data. Better
estimation of compressive strength was observed using RSM approach compared to
ANNs approach. The training models were used on the test data group to evaluate
accuracy of strength prediction. Figure 2-24 and Figure 2-25 present the estimated
compressive strength using testing data group for RSM and ANN, respectively. The
accuracy of estimating compressive strength using UPV and GRP for the RSM
approach was better than ANNs approach. It was noticed that using RSM to evaluate
compressive strength and other properties gave good accuracy. It was concluded that
both approaches could be extended to predict chloride ion concentration and
carbonation depth.

Figure 2-22: Predicted to actual compressive strength based on RSM using training
data group (Sbartai et al., 2012)
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Figure 2-23: Predicted to actual compressive strength based on ANNs using training
data group (Sbartai et al., 2012)

Figure 2-24: Predicted to actual compressive strength based on RSM using testing
database (Sbartai et al., 2012)

Figure 2-25: Predicted to actual compressive strength based on ANNs using testing
database (Sbartai et al., 2012)
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Amini et al. (2016) studied the combination of NDT to evaluate compressive
strength. The NDT used were UPV and Rn. This study evaluated the use of UPV and
Rn separately to predict compressive strength and concluded that evaluation could be
improved by combining both UPV and Rn. The model used to predict compressive
strength is expressed in Eq: (2-3).

Eq: 2-3
The sigificance of each parameter of the model was evaluated by the P-value
(i.e. confidence interval level) using statistical analysis. All parameters in equation 23 had a P-value less than 0.05 (i.e. 95% confidence interval level). Figure 2-26
presents the predicted compressive strength to actual strength based on the proposed
model. The dashed lines present the lower and upper 95% prediction interval range.
Most of the results were close to actual compressive strength. Also, the ratio between
predicted to actual compressive strength was 0.955. It was noticed that combination
UPV and RN improved the accuracy of predicted compressive strength. It could be
used to evaluate the in-situ concrete strength.

Figure 2-26: Prediction of compressive to actual strength using model proposed by
(Amini et al., 2016)
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Najim (2017) studied evaluation of concrete strength by combining direct
UPV (DUPV) measurements and Rn and indirect UPV (IUPV) measurements with
Rn using linear regression models. Thirty concrete mixes were used with different
w/c ratio. The concrete strength ranged from 25 to 50 MPa based on normal range
used in construction. One hundred fifty cubes with dimension of (150×150×150)
mm3 were tested used compressive strength, direct UPV, indirect UPV and Rn. Table
2-6 presents tested result for 150 cubes. Figure 2-27 presents the prediction of
compressive strength using double variables linear regression equations; Eq: 2-4 and
Eq: 2-5 and actual compressive strength.
Fc = 0.0036UPV+0.87Rn

Eq: 2-4

Fc = 0.0037IUPV+1.03Rn

Eq: 2-5

The coefficient of correlation (R2) for each models was 0.79 and 0.74 for Eq: 2-4 and
Eq: 2-5 respectively.

Table 2-6: Test results of 150 cube for different NDT individual (Najim, 2017)
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Figure 2-27: Prediction of compressive to actual strength using double variables
linear regression (Najim, 2017)
A case study was conducted using both models to evaluate compressive
strength for precast steel reinforced concrete panels. Figure 2-28 presents concrete
panel and location of NDT measurements. Also, core samples were extracted to
evaluate actual compressive strength. The tests were conducted at 12 different
locations of the concrete panel. Table 2-7 presents the NDTs results and the actual
and predicted strength using the two models. The model using direct UPV showed
that 8 out of the 12 results had a predicted strength to actual strength ratio more than
0.90 and the remaining results had a ratio between 0.80 to 0.90, while the model
using indrect UPV showed that 6 results had a ratio more than 0.90, five results had
ratio between 0.80 and 0.90 and one result had a ratio between 0.70 to 0.80. It was
found that using direct UPV with Rn produced higher accuracy compared to indirect
model. However, using indirect mothod could help when direct method could not be
applied.
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Figure 2-28: Measurements of NDTs for site validation (Najim, 2017)

Table 2-7: Test results for the case study (Najim, 2017)
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Chingalata et al. (2017) studied the combination of both UPV and Rn to
predict compressive strength. Different models from previous studies were used to
predict concrete compressive strength and compared with actual compressive
strength. Figure 2-29 shows variation between different multiple variable models. It
was noticed that first three models gave a good estimation of compressive strength.
The coefficient of correlation (R2) (i.e., more than 0.96) was improved and accuracy
of prediction was improved when combining UPV and Rn compared to prediction
using individual tests.

Figure 2-29: Predicted compressive strength to actual based on combined models
(Chingalata et al., 2017)

2.5 Importance of the study
NDT techniques are widely used in different aspects such as evaluation of
existing structures and prediction of concrete properties especially compressive
strength and durability. Many factors affected NDT techniques such as w/c ratio,
aggregate size and content...etc. The main problem faced by researchers and users of
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NDT was the high variability in results. Also, it was realized that each NDT has its
limitation. In order to improve the reliability of NDT results and reduce variability,
several combinations of more than one NDT were investigated. Different
combinations were studied and the most common tests used to evaluate strength were
UPV and Rn. Different models were developed; some showed improved accuracy
while others had slight improvement. Limited studies investigated the combination of
NDT to predict concrete durability. Most studies used SR and correlated it to various
durability indices such as rapid chloride permeability and chloride diffusion.
Previous studies have shown that existing models combining more than one NDT
had large variability. Therefore, the reliability and accuracy of NDTs to evaluate the
concrete quality, mainly strength and durability, for concrete structures in Al Ain
city, UAE was the main objective of this study. The investigation used various
concrete mixtures used in Al Ain city. The NDTs were used to evaluate concrete
strength and durability. The results of the study will produce models to improve the
reliability of predicting strength and durability for concrete structures, existing or
under construction, in Al Ain city. This also expected to improve the quality control
in concrete production by fast, cost-efficient and reliable methods.
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Chapter 3: Tests and Experiments
3.1 Introduction
The main objective of the study is to investigate how to improve the
reliability of nondestructive tests (NDTs) to evaluate the concrete quality by
combining more than one test. The concrete quality was assessed by determining
compressive strength and durability. Different concrete grades (30, 35 and 40) MPa
were used in the study. Concrete mixes were obtain from six various concrete ready
mix plants in Al Ain city (A through F). Different experiments were conducted to
evaluate properties related to compressive strength and durability of concrete.
3.2 Collecting samples of concrete
Different ready mix companies were chosen in Al-Ain city to collect concrete
samples. Six companies agreed to provide needed samples. Companies are identified
as (A) through (F). It was intended to select three concrete grades (i.e. 30, 35 and 40
MPa) to represent the concrete grades used in different construction projects in Al
Ain city. It was found that all companies had mix design for a range of concrete
strength which were used for daily production. Three ranges were obtained 20-30
MPa, 20-35 MPa and 20-40 MPa. Tables 3-1, 3-2 and 3-3 show different mix design
from the six companies.
Different specimens were collected mainly three cubes (150×150×150 mm),
two cylinders 100×200 mm and one concrete slab (400×800×200 mm). All mixtures
provided from the selected company did not include supplementary cementing
material (SCM). The differences among the concrete mixtures were mainly cement
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content and water content. Chemical admixtures, mainly workability admixtures,
were used in all mixtures. Slight difference in aggregates content was noticed among
each concrete grade range.
It should be noted that all specimens received seven days of moist curing
after casting. All specimens were left on site under 30-40oC and relative humidity
ranged (40-60%) to resemble actual site curing conditions.

Table 3-1: Design Mix (20-30) MPa

Fine
Aggregate
10 mm
(Kg/m3)

Fine
Aggregate
5 mm
(Kg/m3)

Fine
Aggregate
Dune
Sand
(Kg/m3)

Admixtures
(L/m3)

Admixtures
Type

Cement Type

w/c

Mixer
Planet

Cement(Kg/m3)

Water
(Kg/m3)

Coarse
Aggregate
20 mm
(Kg/m3)

A

375

187.5

710

345

580

215

4

Conplast
P505

OPC/SRC

0.50

B

350

155

700

430

550

292

from 4 to 8

CF570

OPC Emirates
Cement

0.44

C

380

171

796

400

_

_

1.5

Plasticizer

_

0.45

D

350

188

720

350

580

220

5.2

RH -805

_

0.54

E

360

180

720

380

500

320

3

Pozzolith
LD 10

OPC (ECF - Al
Ain)

0.50

F

370

196.8

700

334

618

219

3.5

RP264

_

0.53
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Table 3-2: Design Mix (20-35) MPa

Fine
Aggregate
10 mm
(Kg/m3)

Fine
Aggregate
5 mm
(Kg/m3)

Fine
Aggregate
Dune
Sand
(Kg/m3)

Admixtures
(L/m3)

Admixtures
Type

Cement Type

w/c

Mixer
Planet

Cement(Kg/m3)

Water
(Kg/m3)

Coarse
Aggregate
20 mm
(Kg/m3)

A

400

180

720

355

555

270

5

Conplast
P505

OPC/SRC

0.45

B

370

157

700

425

542

282

from 4 to 8

CF570

OPC Emirates
Cement

0.42

C

400

180

785

393

_

_

1.5

Plasticizer

_

0.45

D

400

180

720

350

600

240

5.2

RH-805

_

0.45

OPC (ECF - Al Ain)

0.45

_

0.50

E

380

171

730

380

490

320

1.0 and 3

Pozzolith
LD 10 and
Rheobuild
857

F

400

198.5

707

338

581

215

3.2

SP495
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Table 3-3: Design Mix (20-40) MPa

Fine
Aggregate
10 mm
(Kg/m3)

Fine
Aggregate
5 mm
(Kg/m3)

Fine
Aggregate
Dune
Sand
(Kg/m3)

Admixtures
(L/m3)

Admixtures
Type

Cement Type

w/c

Mixer
Planet

Cement(Kg/m3)

Water
(Kg/m3)

Coarse
Aggregate
20 mm
(Kg/m3)

A

420

168

730

360

550

220

5.5

Conplast P505

OPC/SRC

0.40

B

350

150

700

430

550

292

from 4 to 8

CF570

OPC Emirates
Cement

0.43

C

425

191

770

385

_

_

1.5

Plasticizer

_

0.45

D

400

168

720

350

580

250

5

RH-805

_

0.42

E

400

160

750

380

480

320

1.0 and 4.0

Pozzolith LD 10
and Rheobuild
857

OPC (ECF - Al Ain)

0.40

F

420

201.7

715

332

563

203

3.5

SP495

_

0.48

43
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3.3 Testing and methodology
Tests were conducted on the hardened concrete sample, since the goal of the
study was to combine NDT tests to evaluate existing structures. Tests were
perfromed on samples after 28 days of age and up to 30 days. The compressive
strength of concrete was evaluated using cube compressive strength, core test,
rebound number (Rn) and ultrasonic pulse velocity (UPV). Durability was evaluated
by SR and rapid chloride penetration test (RCPT).
3.3.1 Compressive strength tests
All tests related to the evaluation of concrete strength such as (cube
compressive strength, rebound number and ultrasonic pulse velocity) were prefromed
on cube specimens. Core test was conducted on core specimens extracted from slab.

3.3.1.1 Cube compressive strength test
Three cube specimens (150×150×150 mm) from each concrete mix were
tested. Test machine used is WYKEHAM FARRANCE with loading capacity of
2000 KN. The loading for cube specimen was continued until failure. Figure 3-1
presents the machine and cube during the test.
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Figure 3-1: Compressive strength machine during test
3.3.1.2 Core test
Core samples were used to measure compressive strength, tensile strength
and other properties for concrete in existing structures when no infromation about the
structure or in place concrete is available. A Hiliti® core machine was used to drill
and extract core samples from concrete slab. The diameter of core sample was 93
mm and the length ranged between 150-154 mm. Figure 3-2 shows extraction of a
core sample.

Figure 3-2: Extracting core sample
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After extraction, core sample length and diameter were measured to obtain
aspect ratio (L/D), such that it complies with “ASTM C42/C42M-16”, where L/D
shall not be less than 1.0 or more than 2.0. All samples were capped with sulfur from
top and bottom and length after capping was also measured, as per “ASTM
C42/C42M-16”. Figure 3-3 illustrates samples after capping.

Figure 3-3: Sulfur capped core samples

Three samples from each mix were tested for compressive strength using
WYKEHAM FARRANCE loading machine with loading capacity of 2000 KN. The
loading for specimen was continued until failure. Figure 3-4 presents the core sample
during the test. Core strength was calculated. A correction factor based on (L/D) and
direction of extraction as per “BS-1881” was used to calculate the equivalent cube
strength. All tests were conducted at lab condition with relative humidity (50±10%)
and temperature 24±2oC.
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Figure 3-4: Core sample during test
3.3.1.3 Rebound number test
Uniformity of concrete can be judged by using rebound number test. The
rebound number is a value that could be used to indicate the concrete strength.
However, the test results could be affected by several factors such as surface
preparation, test direction, the angle of the apparatus and moisture content of
concrete. The test was conducted on all faces of cube specimens. For each face, (10)
rebound measurements were recorded according to “ASTM C805/805M-13a”. The
average value was calculated for each face. The six average values were used to
represent one specimen.
The apparatus used was DIGI SCHMIDT.2000. Figure 3-5 presents the
apparatus used in the test. The average of each cube was used to find the relationship
between rebound number and compressive strength.
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Figure 3-5: DIGI SCHMIDT.2000
3.3.1.4 Ultrasonic pulse velocity test
Ultrasonic pulse velocity (UPV) test was conducted in this study according to
“ASTM 597-16”. The test generally examines the quality and uniformity of concrete.
Two types of UPV test measurements were conducted in this study (direct and semidirect measurements). Direct and semi-direct measurements were carried out in order
to evaluate the difference between measurement types, since direct measurements are
not always feasible on site.
The difference in direct and semi-direct methods is the position of transmitter
and receiver of ultrasonic apparatus. In the direct method, receiver and transmitter
transducer are on opposite face. While in semi-direct the receiver and transmitter are
on adjacent faces. Figure 3-6 illustrates the direct and semi-direct measurements
(Savaliya et al., 2014).
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Figure 3-6: Direct and semi-direct measurements for UPV (Savaliya et al., 2014)

Test was conducted on three cube specimens. Before testing apparatus was
calibrated using calibration bar. Test was conducted according to “ASTM 597-16”. A
petroleum gel was used to improve contact between concrete surface and both
receiver and transmitter. Figure 3-7 presents the device used in the test (LBG), and
Figure 3-8 presents the direct and semi-direct test measurements. Pulse velocity (V)
in m/s was calculated using the distance between the transducers and measured time.

Figure 3-7: LBG device for UPV test
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Figure 3-8: UPV direct and semi-direct tests

3.3.2 Durability tests
The ability of concrete to resist surrounding environment depends on its
quality. Two tests were conducted in this study to evaluate concrete durability,
mainly SR and rapid chloride permeability test (RCPT).

3.3.2.1 Surface resistivity test
The apparatus used to perfrom the test was the Wenner-probe apparatus. The
surface resistivity (SR) was measured on the concrete slab surface. For each slab the
average of six measurements was calculated. Figure 3-9 presents the apparatus for
the test. According to AASHTO TP 95, concrete surface was moistened using wet
burlap conducting resistivity measurements.
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Figure 3-9: Four-probes to measures resistivity

3.3.2.2 Rapid chloride permeability test
The permeability of concrete is a main factor which affects durability. High
pores can decrease the service life of concrete in aggressive environments. The rapid
chloride permeability test (RCPT) was performed according to “ASTM C1202-17”.
The specimens used in RCPT were concrete discs 100 mm in diameter and 50 mm in
height which was cut from the concrete cylinders. The specimens’ sides were sealed
using epoxy. Two discs were tested for each concrete mixture. Specimens were
vacuum saturated as per “ASTM C1202-17”. Figure 3-10 shows specimens under
vacuum saturation. The specimen was held in a plexiglass cell. One side of the cell
was filled with 3% sodium chloride solution. The other side was filled with 0.3
Molarity of sodium hydroxide solution. The potential difference was set to 60V DC
and the passing charge was recorded every 15 minutes until test completion after 6
hours. Total charge after 6 hours was reported as chloride penetration. The
temperature of the solution was monitored during the test every hour. Figure 3-11
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presents RCPT. The concrete chloride ion permeability was classified according to
“ASTM C1202”. Table 3-4 shows the different concrete chloride ion permeability.

Figure 3-10: Vacuum saturation of sealed samples

Figure 3-11: Sample during RCPT
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Table 3-4: Chloride ion permeability classification according to ASTM C1202-17
Charge Passed (Coulombs)

Chloride Ion Penetrability

>4000
2000-4000
1000-2000
100-1000
<100

High
Moderate
Low
Very Low
Negligible
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Chapter 4: Result and Discussion
4.1 Introduction
The main objective of the study is to investigate how to improve the
reliability of non-destructive tests (NDT) to evaluate the concrete quality by
combining more than one. The concrete quality was evaluated by determining
compressive strength and durability. The following sections present analysis and
results of concrete strength and durability test.
4.2 Concrete strength tests
Strength is considered the most used property to evaluate concrete quality,
which mainly depends on concrete mix design especially cement and water content.
All tests result were obtained for concrete mixture at age varying from 28-30 days. In
order to simulate actual situations, when it is required to perform strength evaluation
after 28 days of age. Different concrete strength tests were conducted to evaluate
compressive strength: Cube strength, Core test, and Rebound number test.
4.2.1 Cube strength test
Strength values presented in Table 4-1 were obtained by taking the average of
three cube specimens from different ready mix plants, for the three concrete grades
(30, 35 and 40 MPa). It was noted that all results were higher than the design
strength. For concrete grade 30 MPa, the increase in the measured strength values
ranged from 13% up to 63%. The increase in the strength values for concrete grade
35 MPa ranged from 5% up to 69%. While the increase ranged from 5% up to 75%
for concrete grade 40 MPa. This could be attributed to fact that concrete mixtures
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were designed for a strength range for example (20-30 MPa). Figures 4-1, 4-2 and 43 shows the average strength values for the three concrete grades. The standard
deviation for all tested specimens ranged from 0.6 MPa up to 5.7 MPa except for
plant (E) showed a standard deviation of 11.8 MPa for concrete grade 30 MPa. Also,
it was noted that achieved strength for the different concrete grades is close for all
concrete plants. As given in chapter 3 section 3.2, it was noticed that all concrete
plants use a mixture design for a range of strength values which resulted in the use of
cement contents and w/c ratio very close for the different grades. For concrete grade
30 MPa the cement content ranged from 350 to 380 kg/m3 and the w/c 0.44 to 0.53.
The concrete mixture for grade 35 MPa had a cement content varying from 370-400
kg/m3 and w/c from 0.42 to 0.50. While for grade 40 MPa, the cement content range
from 350 to 425 kg/m3 and w/c from 0.40 to 0.48. It should be noted that the wide
overlap in the range of cement content and w/c used for different grades are
considered major factors for the high and very close strength values measured for all
grades. Note that test were for 18 design mix, but one from each grade was not used
in the analysis and modeling but was used for verification of developed model using
combined non-destructive tests.
Table 4-1: Average cube compressive strength results
Company
A
B
C
D
E
F

Fc(30 MPa)
Average
STDV
MPa
MPa
46
1.3
44
2.1
34
1.6
49
1.3
47
11.8
−
−

Fc(35 MPa)
Average
STDV
MPa
MPa
46
0.9
−
−
43
4.7
53
1.2
59
3.7
54
0.6

Fc(40 MPa)
Average
STDV
MPa
MPa
42
1.8
56
5.7
52
0.6
−
−
60
3.7
70
2.1

Average Comperssive Strength (MPa)

56

60

Design strength = 30 MPa

50
40
30
20
10
0
A

B

C
D
Ready Mix Plant Company

E

Figure 4-1: Design strength and average strength values for concrete grade (30 MPa)

Average Comperssive Strength (MPa)

70

Design Strength = 35 MPa

60
50
40

30
20
10
0
A

C
D
E
Ready Mix Plant Company

F

Figure 4-2: Design strength and average strength values for concrete grade (35 MPa)
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Average Comperssive Strength (MPa)

80

Design Strength = 40 MPa
70
60
50
40
30
20
10
0
A

B
C
E
Ready Mix Plant Company

F

Figure 4-3: Design strength and average strength values for concrete grade (40 MPa)

4.2.2 Concrete core test
Extracting and testing concrete core samples are another test that is used to
determine actual strength in existing structure. The result was obtained from testing
cores extracted from concrete slabs for the different grades (30, 35 and 40 MPa).
Table 4-2 presents the actual core strength of three tested core specimens. Grade 30
MPa values ranged from 26 to 36 MPa with low standard deviation, which indicated
the consistence of the core results. For the 35 MPa grade, the average ranged from
(22-36) MPa and (1.93 to 4.43) MPa for the standard deviation. While for concrete
grade 40 MPa, test results were between (28 to 42) MPa with standard deviation
between (1.14-5.54) MPa. The standard deviation values for all mixtures indicated
that the strength evaluated by core test is consistent and there are deviation between
strength and measured cube strength. Table 4-3 and Figure 4-4 shows the equivalent
cube compressive strength from core test and actual cube compressive strength for
all grades.
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For tested concrete grades, it was noted that most of the core strength test
yielded strength values lower than tested cubes varying from 10% up to 60%. The
core strength test yielded strength values higher than the actual tested cubes by 10%
for only one batch plant for the 30 MPa grade and one batching plant for the 40 MPa
grade. Figure 4-4 shows the relation between equivalent cube strength and actual
cube strength. The relation shows a wide scatter of data resulting in very low R2
value, indicating that it is not reliable to correlate core test results with actual cube
results. The cube compressive strength was significantly different could be attributed
to several reasons, mix design was for strength grade range not for specified grade,
which resulted in overlap on cement content and w/c ratio. Second, concrete cube
cured immersed while concrete slab used wetted wet burlap.
Since the cube results significantly overestimated the strength of the concrete
grade, in the study the equivalent cube strength obtained from the core test will be
considered as the actual compressive strength.
Table 4-2: Actual core strength in MPa
Fc(30 MPa)
Company Average
STDV
MPa
MPa

Fc(35 MPa)

Fc(40 MPa)

Average
MPa

STDV
MPa

Average
MPa

STDV
MPa

A

31.99

2.58

36.02

3.55

41.66

1.78

B

25.86

5.05

−

−

35.87

1.14

C

35.58

2.04

26.50

3.89

27.53

1.49

D

28.46

6.17

38.91

4.43

−

−

E

30.67

3.31

29.44

1.93

32.29

2.44

F

−

−

21.84

2.82

34.40

5.54
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Table 4-3: Equivalent cube strength and actual cube strength in MPa
Fc(30 MPa)
Actual
Company Strength
(Fcact)
A
46
B
44
C
34
D
49
E
47
F
−
A
B
C
D
E
F

46
−
43
53
59
54

A
B
C
D
E
F

42
56
52
−
60
70

Equivalent cube Strength
(Fceqv)
35
28
39
31
33
−
Fc(35 MPa)
39
−
29
42
32
24
Fc(40 MPa)
46
39
30
−
35
38

(Fceqv/Fcact)
0.8
0.6
1.1
0.6
0.7
−
0.9
−
0.7
0.8
0.5
0.4
1.1
0.7
0.6
−
0.6
0.5

Actual Cube Strength (MPa)

80
y = -0.0996x + 53.786
R² = 0.0044

70

60
50
40
30
20
20

30

40

Equivalent Cube Strength (MPa)
Figure 4-4: Equivalent cube strength and actual strength in MPa
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4.2.3 Schmidt hammer test
Rebound number test was used to evaluate the concrete strength. The test was
conducted at 18 locations. At each location, 10 rebound measurements were
performed. The average of the 18 rebound number was used to predict the
compressive strength using hammer calibration curve. Table 4-4 shows the predicted
compressive and the standard deviation of the measurements. For grade 30 MPa
concrete, the Rn ranged from 29-32 with standard deviation between 0.7-2.5, which
indicated good reproducibility of the conducted rebound test.
The Rn ranged from 29 to 34 for concrete grade 35 MPa. The standard
deviation of measurements was 0.3 to 1.5, which indicated very good reproducibility
of the conducted rebound test. While for concrete grade 40 MPa, with Rn ranged
from 31 to 35 with standard deviation from (0.2 to 1.1). The reproducibility of the
conducted test was very good for all concrete grades as evidenced by the low
standard deviation.
Also, it was noted that the Rn varies than the actual strength. The ratio
between the Rn to the actual strength ranged between 0.74 to 1.21 indicated a
variation between -26% up to +21% as shown in Table 4-5. This could be attributed
to the fact that predicted strength depended on measuring rebound number of the
surface concrete, which differs than the bulk concrete. Also, it should be noted that
the rebound number test is affected by others factors such as surface preparation and
the location of the test (i.e. an aggregate particle or inner void located under the
testing location). Figure 4-5 shows the relation between the Rebound number and
Equivalent cube strength. R2 values was 0.234, which indicates the wide scatter of
data and low correlation.
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Table 4-4: Rebound number for three grade of concrete
Company
A
B
C
D
E
F

Rn (30 MPa)
Average
STDV
32
1.8
29
2.5
31
0.7
31
1.6
31
1.8
−
−

Rn(35 MPa)
Average
STDV
34
1
−
−
32
32
32
29

0.3
1.5
0.9
0.6

Rn (40 MPa)
Average
STDV
34
0.3
31
0.6
35
1.1
−
−
34
35

Table 4-5: Equivalent cube strength and Rn
Fc(30 MPa)
Company
A
B
C
D
E
F

Rn
32
29
31
31
31
−

A
B
C
D
E
F

34
−
32
32
32
29

A
B
C
D
E
F

34
31
35
−
34
35

Equivalent cube Strength (Fceqv)
35
28
39
31
33
−
Fc(35 MPa)
39
−
29
42
32
24
Fc(40 MPa)
46
39
30
−
35
38

0.2
0.5

Equivalent Cube Strength (MPa)

62
49

46
43

y = 1.482x - 12.954
R² = 0.2341

40
37
34
31
28
25
25

28

31

34

37

40

Rebound Number (Rn)

Figure 4-5: Relation between equivalent cube strength and (Rn)

4.2.4 Ultrasonic pulse velocity (UPV) test
The homogeneity and integrity of concrete was evaluated using UPV test.
Different measurements were implemented, including direct and semi-direct. The
measurement is commonly used on real structures. Velocity values indicate the
quality of concrete, which could range from poor to excellent based on “IS:13311
part1-1992” test method of concrete by non-destructive testing. For the direct
measurements given in Table 4-6, 30 MPa grade results ranged between 4100 to
4600 m/s. Concrete grade 35 MPa results ranged between 4300 to 4700 m/s except
concrete from company (A). While the results ranged from 4200 to 4700 m/s. The
UPV results indicated a very good to excellent quality of all grades according to
“IS:13311 part1-1992”. In reality, the direct measurement might not be possible.
Therefore semi-direct measurements could be used. Table 4-7 presents average test
results for (30, 35 and 40 MPa). UPV results using the semi-direct measurement did
not differ much than those using direct measurement.

63
Table 4-6: UPV direct measurement results
Fc(30 MPa)
Compan
y

Fc(35 MPa)
Average
UPV
(m/s)

STDV
(m/s)

0.75

4022
−

4184

1.42

D

4226

E

4576
−

Average
UPV
(m/s)

STDV
(m/s)

1.19
−

4389

0.56

4359

1.04

4374

0.59

0.45

4401

0.55

4216
−

1.20
−

5.70
−

4646

0.69

4685

0.24

4333

0.50

4774

0.42

Average
UPV (m/s)

STDV
(m/s)

A

4233

0.86

B

4256

C

F

Fc(40 MPa)

Table 4-7: UPV semi-direct measurement results
Fc(30 MPa)

Fc(35 MPa)

Company

Average
UPV (m/s)

STDV
(m/s)

Average
UPV (m/s)

STDV
(m/s)

A
B
C
D
E
F

4247
6596
4143
4287
4909
−

1.37
2.14
1.56
0.86
0.8
−

4175
−

1.66
−

4446
4621
4992
4526

1.39
0.96
1.11
1.35

between

semi-direct

Figure

4-6

shows

relation

Fc(40 MPa)
Average
UPV
(m/s)

STDV
(m/s)

4449
4496
4487
−

1.91
2.52
0.93
−

4907
5107

0.93
1.09

and

direct

UPV

measurements. It could be seem that both measurements correlate well with R 2 value
of 0.8983. Therefore, using direct or semi-direct measurements will yield the same
concrete quality evaluation. It worth mentioning that relation between equivalent
cube strength and direct ultrasonic pulse velocity test was very low based on linear
regression as presented in Figure 4-7.
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4900

UPV Direct Velocity (m/s)

y = -0.0004x2 + 4.0846x - 6448.1
R² = 0.8983
4600

4300

4000
4000

4300

4600

4900

5200

5500

5800

6100

6400

6700

UPV Semi-Direct Velocity (m/s)

Figure 4-6: Relation between direct and semi-direct UPV (m/s)

Equivalent cube strength (MPa)

50

y = 0.0013x + 29.067
R² = 0.0021

45
40
35
30
25
20
15
3800

4000

4200

4400

4600

4800

5000

Direct UPV (m/s)

Figure 4-7: Relation between equivalent cube strength and direct UPV (m/s)

4.3 Durability test
Concrete durability can be evaluated through several tests. In this study the
rapid chloride permeability test (RCPT) as per “ASTM C1202” was used to evaluate
concrete durability with respect to chloride ion penetration and concrete resistance to

65
chloride induced corrosion. The concrete SR was also used as a simple nondestructive test to evaluate the concrete electrical resistivity and protection to
reinforcement against corrosion.
4.3.1 RCPT test
This test was used to detect how concrete resist surrounding environment.
Where the chloride ion penetrates, through concrete sample by inducing electrical
charge across the concrete specimen during the test. Total charge passing through
concrete after 6 hours was measured in Coulombs. Table 4-8 and Figure 4-8, present
results of average passing charge in Coulombs. Results of company (A) had the
highest passing charge (7239 Coulombs). This could be attributed to the fact that it
had the highest w/c ratio of 0.5. While lowest result was for (B) due to w/c 0.44,
which was rated moderate for permeability of chloride ions. The remaining tested
samples were rated moderate chloride permeability according to “ASTM C1202”.
Moving to the results of the concrete grade (35 MPa), in Figure 4-9 all results were
in the moderate range of chloride permeability due to w/c range from (0.44 up to 0.5)
except company (C) showed high rate of chloride penetration among this group. For
40 MPa, the results ranged between low up to moderate for chloride permeability.
Both (A) and (B) test results of RCPT were in the range of moderate with 2074 to
2612 respectively as shown in Figure 4-10. However, average test results of
company (C) were the lowest permeability compared to all average results of this
group. It worth mentioning that temperature during testing never exceeds 55oC.
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Table 4-8: RCPT results (test time = 6 hours).
Fc(30 MPa)
Average
RCPT
(Coulombs)

A

Fc(35 MPa)

STDV

Average
RCPT
(Coulombs)

7239

1534.4

B

5486

C

Fc(40 MPa)

STDV

Average
RCPT
(Coulombs)

STDV

5135

516.4

3059

736.8

2266.9

−

−

2387

134.7

3249

453.9

6514

158.3

1890

69.2

D

5238

942.7

3681

219.5

−

−

E

4522

1128.4

3193

588.0

2951

496.1

F

−

−

3790

318.2

2346

237.7

Company

Average Pass Charge (Coulombs)

8000

7239

7000
6000

5486

5238

5000

4522

4000

3249

3000
2000
1000
0
A

B

C
Ready Mix Companies

D

Figure 4-8: Average RCPT results (30 MPa)
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7000

6514

Average Pass Charge (Coulombs

6000
5135

5000
3790

3681

4000

3193
3000
2000
1000
0
A

C

D
Ready mix Compaines

E

F

Figure 4-9: Average RCPT results (35 MPa)
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4000

3059
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2387
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1000
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Ready Mix Company
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Figure 4-10: Average RCPT results (40 MPa)
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4.3.2 Surface resistivity test
SR is another type of test, where Wenner-probe equipment was used to
measure the SR of concrete. This procedure was carried out on slabs. Higher
concrete resistivity (kΩ.cm) indicates higher concrete resistance to corrosion. SR test
was applied at several locations of the surface of each slabs from each mix. Test was
conducted after wetting the test surface. Table 4-9 presents the average concrete
resistivity of three readings. Results for the concrete grade 30 MPa was less than 50
kΩ.cm except for company (A). The results of company (A) were the highest in all
concrete grades (30, 35 and 40 MPa).
Finally, Figure 4-11 presents relationship between RCPT and SR. The
relation shows that R2 is very low for linear regression; however, it may improve
when using different type of modeling. It should be noted SR measurements was
affected by the wetting of concrete surface and smoothness of concrete slab surface
which affected contact between measuring probe and concrete surface.
Table 4-9: Average SR for each mix (kΩ.cm)
Fc(30 MPa)
Company Average
STDV
Resistivity
(kΩ.cm)
(kΩ.cm)

Fc(35 MPa)
Average
STDV
Resistivity
(kΩ.cm)
(kΩ.cm)

Fc(40 MPa)
Average
STDV
Resistivity
(kΩ.cm)
(kΩ.cm)

A

66.53

3.9

65.1

2.3

82.7

3.5

B

44.34

5.2

−

−

32.3

0.53

C

44.18

0.35

32.5

4.3

49.9

2.85

D

45.08

1.7

37.1

5.4

−

−

E

47.49

1.8

52.7

0.77

38.2

4.6

F

−

−

50.1

6.8

44.3

3.9
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Figure 4-11: Relation between RCPT and SR

4.4 Conclusions
To sum up, the main outcomes based on the NDT results are as follows:
1- Cube compressive strength results showed high variations among the same
concrete grade.
2- Quality control for each ready mix plant varied and this was observed in the
standard deviation values.
3- Cube results were very high compared to concrete grade design strength.
4- Core results showed good reproducibility and good representation of each
concrete grade.
5- Equivalent cube strength from core test was 28 to 39 for the 30 MPa concrete
grade. It ranged from 24 to 39 for the 35 MPa grade concrete and 30 to 46 for the
40 MPa concrete grade.
6- High scatter between actual cube compressive strength and equivalent cube
strength based on the core test result.
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7- Due to the very high values of cube results and the wide scatter, the equivalent
cube strength, determined from core test, was considered the actual comperssive
strength for each mix.
8- Relation between actual strength of concrete and Rebound number showed wide
scatter.
9- Direct and semi-direct method of UPV test gave almost same results with Rsquare of 90%.
10- Equivalent cube strength and direct ultra pulse velocity (UPV) value showed low
relation based on linear regression.
11- Higher w/c ratio resulted in higher passing charge of ions through specimens
during RCPT for example results of company (A).
12- SR was affected by w/c ratio and wetting during testing.
13- Low relationship between RCPT and SR based on linear regression.
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Chapter 5: Combined NDT Model
5.1 Introduction
The main objective of the study is to investigate how to improve the
reliability of non-destructive tests (NDT) to evaluate the concrete quality by
combining more than one test. The concrete quality was assessed by determining
compressive strength and durability. In the following sections different algorithm
model were presented to evaluate concrete strength and durability respectively.
5.2 Prediction of compressive strength
Combining different test results to predict specific property depends on
available input data. Different trials or models were conducted to combine more
than one NDTs in order to predict compressive strength and compare the
outcome with the actual values. The NDTs results from the rebound number test
and the ultrasonic pulse velocity from the UPV test were combined for
estimating concrete strength.
In this section, different models were evaluated using various types of
statistical analysis models. Analysis started with linear up to multiple levels.
Minitab® V.17 was used for analyzing the data. The significance of the used
inputs is expressed by the P-value. When P-value is less than or equal 0.05 ( i.e.
confidence interval 95%) the input is considered significant in the model. The
accuracy of the model is judged by value of the R-square.
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5.2.1 Prediction based on rebound number (Rn)
Different levels of regression models were applied to find the best model
depending on the accuracy (i.e., R-square values).

5.2.1.1 Linear regression based on Rn
Starting with a linear relation between equivalent cube strength (MPa)
and Rn, the result is shown below in Figure 5-1 where the R-square was very low
(23.4%), the significance of Rn was low with P-value (0.068). Equation (5-1)
displays the linear regression relationship.
Eq. Cube (MPa) = - 12.95 + 1.482 Rn

Eq: 5-1

Figure 5-2 shows the relationship between equivalent cube strength and Rn.

Figure 5-1: Linear model between equivalent Fc and Rn
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Figure 5-2: Linear model plot between equivalent Fc and Rn
5.2.1.2 Quadratic regression based on Rn
Another model used was the quadratic regression model for the same
selected point. Figure 5-3 represents the model analysis. P-value was not
significant even for quadratic degree with value (0.052). The R-square was
improved compared to the linear model with R-square (38.8%). Equation (5-2)
displays the quadratic regression relationship
Eq. Cube (MPa) = - 654.6 + 41.56 Rn - 0.6238 Rn2

Eq: 5-2

Figure 5-4 shows the relationship between equivalent cube strength and Rn.
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Figure 5-3: Quadratic model between equivalent Fc and Rn

Figure 5-4: Quadratic model plot between equivalent Fc and Rn

75
5.2.1.3 Cubic regression based on Rn
In cubic regression the relation between equivalent cube strength and Rn
was extended to the cubic degree of Rn. Figure 5-5 shows the model analysis
based on cubic degree of Rn. Where the R-square for the cubic model was
slightly improved compared to the quadratic model with 39.8%. However; Pvalues for all Rn levels were insignificant P-values greater than 5%. Equation (53) displays the cubic regression relationship.
Eq. Cube (MPa) = 2987 - 302.8 Rn + 10.20 Rn2 - 0.1132 Rn3

Eq: 5-3

Figure 5-6 shows the cubic relation between equivalent cube strength and Rn.

Figure 5-5: Cubic model between equivalent Fc and Rn
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Figure 5-6: Cubic model plot between equivalent Fc and Rn

In summary, the quadratic model is the best one to predict compressive
strength using Rn value alone with R-square value of 39.8%. The accuracy of the
model can be improved if some of the used data will be excluded.
5.2.2 Prediction based on UPV
In this section, different trials were conducted to illustrate the relation
between equivalent cube compressive strength and the ultrasonic pulse velocity
test (UPV). The objective is to find the best model to use in predicting
compressive strength. As concluded in chapter 4, that the direct and semi-direct
UPV measurements yielded almost same results, therefore, the direct UPV result
was used in the modeling.
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5.2.2.1 Linear regression based on UPV
Starting with linear regression model the R-square was 0.2% which
indicate very low correlate between compressive strength and UPV. Also, Pvalue was insignificant with value 0.872 as shown Figure 5-7 below. Equation
(5-4) displays the linear regression relationship.
Eq. Cube (MPa) = 29.07 + 0.001279 DUPV

Eq: 5-4

Figure 5-8 shows the linear relation between equivalent cube strength and Rn.

Figure 5-7: Linear model of between equivalent Fc and direct UPV
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Figure 5-8: Linear model plot between equivalent Fc and direct UPV

5.2.3.2 Quadratic regression based on UPV
Quadratic level analysis is presented Figure 5-9, where the R-square
value was improved to (2.9%). However, both linear and quadratic levels were
not significant based on P-value was greater than 5%. However, it could be
improved if some results were not considered. Equation (5-5) displays the
quadratic regression relationship.
Eq. Cube (MPa) = 439.7 - 0.1849 DUPV + 0.000021 DUPV2

Eq: 5-5

Figure 5-10 shows the quadratic relation between equivalent cube strength and
Rn.
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Figure 5-9: Quadratic model between equivalent Fc and direct UPV

Figure 5-10: Quadratic model plot between equivalent Fc and direct UPV
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5.2.2.3 Cubic regression based on UPV
Cubic regression was examined and R-square value was improved with
(5.2%). Also, P-value was insignificant, and the model analysis is illustrated in
Figure 5-11. Equation (5-6) displays the cubic regression relationship.
Eq. Cube (MPa) = 8132 - 5.47 DUPV + 0.001227 DUPV2 - 0.0000001 DUPV
Eq: 5-6
Figure 5-12 present relation between equivalent cube strength and UPV.

Figure 5-11: Cubic model between equivalent Fc and direct UPV
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Figure 5-12: Cubic model plot between equivalent Fc and direct UPV

In summary, using UPV values alone to predict compressive strength is
not producing models with good R-square or high confidence interval. To
improve the output of prediction some data values should be excluded. Also,
combining UPV and Rn could improve the strength prediction.
5.2.3 Combining Rn and direct UPV
In this section, different models were used to combine both Rn and UPV
to better predict compressive strength. Several scenarios were studied in order to
choose the model that had high accuracy based on R-square and P-values, which
indicate the significance of input data. Table 5-1 presents data points used in the
models below.
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Table 5-1: Data points for prediction of Fc
Concrete

Fc

grade

(MPa)

30

35

40

35
28
39
31
33
39
29
42
32
24
46
39
30
35
38

Rn
32
29
31
31
31
34
32
32
32
29
34
31
35
34
35

UPV
(m/s)
4233
4256
4184
4226
4576
4022
4374
4401
4646
4333
4389
4359
4216
4685
4774

5.2.3.1 Linear regression of Rn and UPV
Figure 5-13 shows the linear level of regression between Rn and UPV.
Fifteen data points were used to predict compressive strength presented in Table
5-1. The P-value for factors Rn and UPV were insignificant with values greater
than 5.0%. However, R-square was improved compared to individual linear
models for Rn and UPV with value 23.86%. Equation (5-7) displays the
relationship.
Eq. Cube (MPa) = - 6.0 + 1.530 Rn - 0.00194 DUPV

Eq: 5-7
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Figure 5-13: Linear model combining Rn and UPV
5.2.3.2 Interaction regression of Rn and UPV
In this model, the product between UPV and Rn was added to the linear
regression. Figure 5-14 presents the analysis where all P-values were not
significant and greater than 5%. Also, slight increase in R-square was noted.
Equation (5-8) displays the relationship.
Eq. Cube (MPa) = 179 - 4.0 Rn - 0.045 DUPV + 0.00127 DUPV × Rn
Eq: 5-8
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Figure 5-14: Interaction model combining Rn and UPV including (UPV × Rn)
term
5.2.3.3 Interaction in 2nd degree regression of Rn and UPV
Figure 5-15 illustrates the different degree of product combinations
between Rn and UPV. Results show that all factors were insignificant with Pvalue higher than 5%. Moreover, the accuracy of the model, R-square was
improved to 45.71% compared with previous models. Equation (5-9) displays the
relationship.

Eq. Cube (MPa) = - 7257 + 464 Rn + 1.49 DUPV- 0.096 DUPV × Rn - 7.3 Rn2 +
0.00152 DUPV × Rn2

Eq: 5-9
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Figure 5-15: 2nd Product model of regression combining between Rn and UPV

5.2.3.4 Interaction in 3rd degree regression of Rn and UPV
In this trial, product of Rn and UPV with different levels (i.e. linear,
quadratic and cubic) was evaluated. Figure 5-16 shows the result of the model.
Equation (5-10) displays the relationship.

Eq. Cube (MPa) = - 1571 + 227 Rn - 0.7 DUPV - 0.0143 DUPV × Rn + 3.4 Rn2
+ 0.00509 DUPV × Rn2 - 0.000021 DUPV2 × Rn -0.272 Rn3 + 0.00068 DUPV2
Eq: 5-10
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It is noticed that R-square was improved to 51.20%, while P-value were
insignificant for all inputs. It should be noted that there were result from the three
groups (30, 35 and 40 MPa) which were almost the same or very close. By
cleaning the data from such redundant values it is expected to improve the
model.

Figure 5-16: 3rd Product model of regression combining (Rn and direct UPV)
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5.2.3.5 Block interaction regression of Rn and UPV
Since the three concrete grades were used (30, 35 and 40 MPa), a
regression model can be identified for each group. Table 5-1 was used on
prediction, analysis was based on all data points, however; the regression
equation was derived for each group separately. Figure 5-17 shows the results of
the regression. R- Square for the model was 51.4%. Equations (5-11), (5-12) and
(5-13) display the relationships for group 1, 2 and 3 respectively.
Eq.Cube = - 166 + 49.1 Rn - 0.262 UPV - 1.003 Rn2 + 0.000015 UPV2 + 0.00365
Rn × UPV

Eq: 5-11

Eq.Cube = - 165 + 49.1 Rn - 0.262 UPV - 1.003 Rn2 + 0.000015 UPV2 + 0.00365
Rn × UPV

Eq: 5-12

Eq.Cube = - 160 + 49.1 Rn - 0.262 UPV - 1.003 Rn2 + 0.000015 UPV2 + 0.00365
Rn × UPV

Eq: 5-13
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Figure 5-17: Block interaction of regression between (Rn and direct UPV)
5.2.3.6 2nd Block interaction regression of Rn and UPV
Since the enhancement in R-square was small according to the previous
results. Analysis in this section was conducted after excluding data points. Table
5-2 shows the data to be used in the regression analysis. The exclusion of the
data points was based on the equivalent strength values and the concrete grade.
Strength values were considered within ± 15% of the concrete grade.
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Table 5-2: Selected data for 2nd Model
Concrete
grade

Group

30

1

35

2

40

3

Fc
(MPa)
35*
28
39*
31
33
39
29*
42*
32
24*
46
39
30*
35
38

Rn
32
29
31
31
31
34
32
32
32
29
34
31
35
34
35

UPV
(m/s)
4233
4256
4184
4226
4576
4022
4374
4401
4646
4333
4389
4359
4216
4685
4774

* Excluded values
Figure 5-18 presents model analysis, where the R-square value increased
by 40% from the previous model. The value of R-square for the model was
89.30% but with no significant factors in model. Equations (5-14), (5-15) and (516) display the relationships for group 1, 2 and 3 respectively.
Eq.Cube = - 1603 - 7.4 Rn + 0.783 UPV - 0.00239 Rn × UPV + 0.323 Rn2 0.000081 UPV2

Eq: 5-14

Eq. Cube = - 1599 - 7.4 Rn + 0.783 UPV - 0.00239 Rn × UPV + 0.323 Rn2 0.000081 UPV2

Eq: 5-15

Eq. Cube = - 1600 - 7.4 Rn + 0.783 UPV - 0.00239 Rn × UPV + 0.323 Rn2 0.000081 UPV2

Eq: 5-16
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Figure 5-18: 2nd Interaction of regression between (Rn and direct UPV)

5.2.4 Verification of chosen model
Different models were studied to combine Rn and UPV for predicting
compressive strength. Based on obtained results, Equations (5-14), (5-15) and (516) for group 1, 2 and 3 respectively showed the best accuracy in predicting
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compressive strength for each group range. Table 5-3 illustrates data points and
the verification of the regression models.
Table 5-3: Verified result of combining NDT to predict Fc

Measured
Average
UPV
(m/s)

Equation

Predicted
Fc (MPa)

P/A*

Group

Actual Fc
(MPa)

Measured
Average
Rn

1

21

30.2

4187

5-14

20.2

0.97

2

35

31.2

4268

5-15

32.6

0.93

3

43

33.3

4431

5-16

38.2

0.89

* P/A = Predicted strength/ Actual strength

40

Predicted Fc (MPa)

35
30
25
20
R² = 0.9966
15
15

20

25

30

35

40

45

Actual Fc (MPa)
Figure 5-19: Predicted to actual compressive strength

Based on the predicted results for all grades 30, 35 and 40 MPa the result was
accepted since P/A was 0.97, 0.93 and 0.89 respectively.
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5.2.5 Conclusion
To sum up, the analysis in the group for getting regression equation in
combining NDT for this case improved compared to use all or some point of
data. The quality of prediction depends on verification of model if good or not.
Rebound number alone have a better relationship with compressive strength than
direct UPV. Combining between direct UPV and Rn show enhancement in the
model. If P/A is greater than one the model overestimates the strength otherwise
it underestimates strength. Figure 5-19 illustrates the relation between predicted
and actual compressive strength and R2 was 0.99 which indicates good
correlation.
5.3 Prediction of RCPT
Another goal of the study is to combine NDT and predict RCPT as a
measure of concrete durability and its resistance to surrounding environment. By
using Minitab® V.17 as an analysis tool, regression models were developed using
linear models up to cubic or polynomial models. RCPT was predicted with
regression models using SR value alone, UPV values alone and combining both
SR and UPV.
5.3.1 Prediction of RCPT based on SR
In this section, different trials were conducted to illustrate the relation
between RCPT and the SR alone. The objective was to find the best model to use
in predicting RCPT.
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5.3.1.1 Linear regression based on SR
Table 5-4 Presents data points used in the prediction.
Table 5-4: Data used in prediction
#

RCPT (Coulombs)

SR (kΩ.cm)

1

7239

66.53

2

5486

44.34

3

3249

44.18

4

5238

45.08

5

4522

47.49

6

5135

65.1

7

6514

32.5

8

3681

37.1

9

3193

52.7

10

3790

50.1

11

3059

82.7

12

2387

32.3

13

1890

49.9

14

2951

38.2

15

2346

44.3

The linear level of regression between RCPT and SR showed a very low
R-square value of 1.5% and insignificant level for P-value (0.659). Figure 5-20
presents the model and Figure 5-21 shows the relationship. Equation (5-17)
displays the relationship.
RCPT (Coulombs)= 3339 + 14.45 SR

Eq:5-17
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Figure 5-20: Linear model of regression (RCPT and SR)

Figure 5-21: Linear model of regression plot (RCPT and SR)
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5.3.1.2 Quadratic regression based on SR
Figure 5-22 presents quadratic level of regression. R-square was (2.1%),
and P-value was also insignificant with value (0.801). Figure 5-23 illustrates the
relation between RCPT and SR. Equation (5-18) displays the relationship.
RCPT (Coulombs) = 1695.16 + 73.0 SR - 0.524 SR2

Figure 5-22: Quadratic model of regression (RCPT and SR)

Eq:5-18
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Figure 5-23: Quadratic model of regression plot (RCPT and SR)

5.3.1.3 Cubic regression based on SR
Using cubic level of regression the results found were also low in term of
model accuracy where R-square was (26.2%) and P-value (0.323). Figure 5-24
presents the results and Figure 5-25 shows cubic level relation. Equation (5-19)
displays the relationship.
RCPT (Coulombs) = 39851 - 2187 SR + 42.03 SR2 - 0.2533 SR3

Eq:5-19
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Figure 5-24: Cubic model of regression (RCPT and SR)

Figure 5-25: Cubic model of regression plot (RCPT and SR)
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5.3.1.4 Second linear regression based on SR
Since no improvement was observed from previous models it was
suggested to refine data points to used in the analysis. The exclusion of data
points was based on the average RCPT and surface resistivity values for each
concrete grade. Values were considere within ±20% of the average RCPT and
SR for each group. Table 5-5 shows data points excluded from the analysis.
Table 5-6 shows the selected data points used in the analysis.
Table 5-5: Data points excluded from the analysis
Grade

30

35

40

#
1*
2
3*
4
5
6*
7
8*
9
10
11
12*
13*
14*
15*

* Excluded data points

RCPT
(Coulombs)
7239
5486
3249
5238
4522
5135
6514
3681
3193
3790
3059
2387
1890
2951
2346

SR
(kΩ.cm)
66.53
44.34
44.18
45.08
47.5
65.1
32.5
37.1
52.7
50.1
82.7
32.3
49.9
38.2
44.3
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Table 5-6: Selected data points used in model
SR
(kΩ.cm)

RCPT
(Coulombs)

44.34
45.08
47.5
32.5
52.7
50.1
82.7

5486
5238
4522
6514
3193
3790
3059

Based on Table 5-6, Figure 5-26 shows the analysis results based on
linear regression. Accuracy increased to 64.1% and P-value was significant with
value of (0.030). Figure 5-27 shows the linear relation for RCPT and SR.
Equation 5-20 displays the relationship.
RCPT (Coulombs) = 7717 - 64.03 SR

Figure 5-26: 2nd Linear model analysis (RCPT and SR)

Eq:5-20
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Figure 5-27: 2nd Linear model of regression plot (RCPT and SR)

5.3.1.5 Second quadratic regression based on SR
Quadratic analysis regression model is presented in Figure 5-28. R-square
value was improved to 86.8% and both inputs were significant according to Pvalue (0.017). Figure 5-29 shows quadratic relation between RCPT and SR.
Equation (5-21) displays the relationship.
RCPT (Coulombs) = 15809 - 353.9 SR + 2.405 SR2

Eq:5-21
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Figure 5-28: 2nd Quadratic model analysis (RCPT and SR)

Figure 5-29: 2nd Quadratic model of regression plot (RCPT and SR)

5.3.1.5 Second cubic regression based on SR
Cubic model of regression showed improvement with R-square values of
(99.80%) and P-value was 0.012. Figure 5-30 present regression model analysis
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and Figure 5-31 shows the cubic relation between RCPT and SR. It should be
noted that although the R-square was nearly 100 % but the model was not
considered because at resistivity values higher than 70 kΩ.cm the predicted
RCPT values were increasing which was theoretically incorrect. Equation (5-22)
displays the relationship.
RCPT (Coulombs)= - 27416 + 2338 SR - 50.16 SR2 + 0.3186 SR3

Figure 5-30: 2nd Cubic model analysis (RCPT and SR)

Eq: 5-22
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Figure 5-31: 2nd Cubic model of regression plot (RCPT and SR)

5.3.1.7 Conclusion
In summary, it was noticed that the scattering of the data points especially
with respect to resistivity values resulted in regression models with low Rsquare. Refining the data points by considering data values within ±20% of the
average RCPT and resistivity for each group helped improve the model accuracy.
It can be concluded that the quadratic regression using the refined data is the best
model to predict RCPT using SR values alone with R-square 86.8%. It is
expected to improve the regression model by including UPV values in order to
account for the bulk concrete quality besides the SR.
5.3.2 Prediction of RCPT based on UPV
This section focuses on the analysis the relation between RCPT and direct
ultrasonic pulse velocity alone through applying different levels of regression
model. Table 5-7 presents data point used in regression models.
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Table 5-7: Data points used in regression model

Grade

RCPT
(Coulombs)

UPV
(m/s)

7239
5486
3249
5238
4522
5135
6514
3681
3193
3790
3059
2387
1890
2951
2346

4233
4256
4184
4226
4576
4022
4374
4401
4646
4333
4389
4359
4216
4685
4774

30

35

40

5.3.2.1 Linear regression based on UPV
The linear level of regression between RCPT and UPV showed a very
low R-square value of 15.5% and insignificant level for P-value (0.146). Figure
5-32 presents the model and Figure 5-33 shows the relationship. Equation (5-23)
displays the relationship.
RCPT (Coulombs) = 17102 - 2.982 UPV

Eq:5-23
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Figure 5-32: Linear model of regression (RCPT and UPV)

Figure 5-33: Linear model of regression plot (RCPT and UPV)

5.3.2.3 Quadratic regression based on UPV
Quadratic analysis regression model is presented in Figure 5-34.
Improved slightly from linear as seen in R-square value of 16.3%. The model
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inputs were insignificant with P-value of (0.749). Figure 5-35 shows relation in
quadratic trend between RCPT and UPV. Equation (5-24) displays the
relationship
RCPT (Coulombs) = - 40781 + 23.26 UPV - 0.002968 UPV2

Eq:5-24

Figure 5-34: Quadratic model of regression (RCPT and UPV)

Figure 5-35: Quadratic model of regression plot (RCPT and UPV)

107
5.3.2.3 Cubic regression based on UPV
Cubic level of regression between RCPT and UPV showed slight
enhancement in R-square value of 17.3% and insignificant level for P-value
(0.723) compared to quadratic model. Figure 5-36 presents the model and Figure
5-37 shows the relationship and Equation (5-25) displays the relationship.
RCPT (Coulombs) = 1339614 - 924 UPV + 0.2135 UPV2 - 0.000016 UPV3
Eq:5-25

Figure 5-36: Cubic model of regression (RCPT and UPV)
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Figure 5-37: Cubic model of regression plot (RCPT and UPV)

In summary, using UPV values alone did not yield good models to
predict RCPT. The combination of UPV and SR could improve the accuracy of
the prediction of RCPT.
5.3.3 Prediction of RCPT based on SR and UPV
This section focuses on the analysis combining direct ultrasonic pulse
velocity (UPV) and SR to predict RCPT. The same approach which was used in
predicting compressive strength was used in predicting RCPT using block
interaction regression for each concrete grade. Since there were three grades of
concrete, the regression analysis was according to the grade of the concrete
group 1, 2 and 3 representing concrete grade 30, 35 and 40 MPa respectively.
Table 5-8 presents data point used in analysis for first model where DUPV is
direct ultrasonic pulse velocity in (m/s), resistivity in (kΩ.cm), and RCPT in
(Coulombs).
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Table 5-8: Selected data point for 1st try

Group

Grade

1

30

2

35

3

40

RCPT
(Coulombs)

SR
(kΩ.cm)

DUPV
(m/s)

7239
5486
3249
5238
4522
5135
6514
3681
3193
3790
3059
2387
1890
2951
2346

66.53
44.34
44.18
45.08
47.49
65.1
32.5
37.1
52.7
50.1
82.7
32.3
49.9
38.2
44.3

4233
4256
4184
4226
4576
4022
4374
4401
4646
4333
4389
4359
4216
4685
4774

Figure 5-38 presents analysis of the first trial of combining NDT to
predict RCPT, R2 for regression model was 78.07%. The interactions were
between squared UPV, squared SR and multiplication of SR by UPV. Equations
(5-26), (5-27) and (5-28) displays the relationships for groups 1, 2 and 3
respectively.
RCPT (Coulombs) = - 286427 + 111 UPV + 1910 SR - 0.0099 UPV2 + 2.19 SR2
- 0.491 UPV × SR

Eq:5-26

RCPT (Coulombs) = - 287646 + 111 UPV + 1910 SR - 0.0099 UPV2 + 2.19 SR2
- 0.491 UPV × SR

Eq:5-27

RCPT (Coulombs) = - 2 89842 + 111 UPV + 1910 SR - 0.0099 UPV2 + 2.19 SR2
- 0.491 UPV × SR

Eq:5-28
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Figure 5-38: Block interaction of regression between (SR and direct UPV)
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5.3.3.1 Second prediction of RCPT based on SR and UPV

Table 5-9: Excluded data point second try

Group

Grade

1

30

2

35

3

40

RCPT
(Coulombs)

SR
(KΩ.cm)

UPV
(m/s)

7239*
5486
3249*
5238
4522
5135*
6514
3681*
3193
3790
3059
2387*
1890*
2951*
2346*

66.53
44.34
44.18
45.08
47.49
65.1
32.5
37.1
52.7
50.1
82.7
32.3
49.9
38.2
44.3

4233
4256
4184
4226
4576
4022
4374
4401
4646
4333
4389
4359
4216
4685
4774

* Excluded Data point
In this model, data points were in order to minimize the scatter. Data
refinement followed the same procedure used in section 5.3.1.4. The exclusion of
data was based on the average RCPT and resistivity values of each concrete
grade.
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Table 5-10: Refined data point used in analysis

RCPT (Coulombs)

SR (kΩ.cm)

UPV (m/s)

5486
5238
4522
6514
3193
3790
3059

44.34
45.08
47.49
32.5
52.7
50.1
82.7

4256
4226
4576
4374
4646
4333
4389

Figure 5-39 presents analysis for selected point of group from Table 5-10.
Accuracy of regression analysis increase up to 79.09% compared to the previous
regression model. Equation (5-29) displays the relationships.
RCPT (Coulombs) = - 42820 + 1248 SR + 1.6 DUPV - 0.299 SR × DUPV
Eq:5-29
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Figure 5-39: Second model of regression between (SR and direct UPV)

5.3.4 Verification of chosen model
Different models were studied to combine SR and UPV for predicting
RCPT. Based on obtained results Equation (5-29) showed best accuracy with Rsquare value of 79.09%. Table 5-11 illustrates data points used the verification of
the regression model.
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Table 5-11: Verified result for prediction RCPT

Group

Average RCPT Actual
(Coulombs)

Average SR
(kΩ.cm)

Direct
UPV
(m/s)

1
2
3

3836
2998
3176

48.7
31.4
60.6

4310
3906
4518

RCPT
Predicted P/A*
(Coulombs)
5194
5004
3354

1.35
1.67
1.06

Predicted RCPT (Coulombs)

* P/A = Predicted RCPT/ Actual RCPT

5500

4500

3500
R² = 0.1274
2500
2500

3500

4500

Actual RCPT (Coulombs)

Figure 5-40: Predicted to actual RCPT

5.3.5 Conclusion
Variation in results for both actual RCPT and SR affects finding
regression equation used in prediction in the early models. Quality sample played
a role in finding good model for prediction. The regression equation selected in
verification was from second model of combining UPV and SR results.
Resistivity played an important role when combined with UPV as seen from

115
second result of analysis. The high variation in the results of RCPT and SR
within each concrete grade affected the regression analysis. Prediction of RCPT
based on SR or UPV values alone did not yield good accuracy. Combining
suface resistivity and UPV improved the prediciton of RCPT. Refining the data
points by excluding values exceeding ±20% of the average values greatly
improved the prediction accuracy. Combined models showed good prediction of
RCPT values when applied to additional mixtures. The model predicts PCPT
within ±90%. Group 2 was overetimated and the P/A was 1.67; this could be
related to the quality of concrete as production was for range of grade not
specific strength. The prediction of RCPT was good for concrete from group 1
and 3 the P/A was 1.35 and 1.06 respectively. Figure 5-40 illustrates the relation
between predicted and actual RCPT and R2 was 0.1274 which indicates low
correlation.
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Chapter 6: Conclusion and Recommendation
6.1 Introduction
The main objective of the study was to investigate how to improve the
reliability of non-destructive tests (NDT) to evaluate the concrete quality by
combining more than one test. The concrete quality was assessed by determining
compressive strength and durability. Different concrete grades (30, 35 and 40
MPa) were used in this study. Concrete mixes were obtained from six various
concrete ready mix plants in Al Ain city (A through F). Different experiments
were conducted to evaluate properties related to compressive strength and
durability of concrete. Concrete strength was evaluated using cores specimens,
UPV and Rn. Concrete durability was evaluated using rapid chloride
permeability test conducted on disc samples cut from core specimens and surface
electrical resistivity (SR). The following sections include the main conclusions
and recommendations of the study based on obtained results and analysis.
6.2 Conclusions
The following points presents the main conclusions of the study:


Cube compressive strength results showed high variations among the
same concrete grade.



Quality control for each ready mix plant varied and this was observed in
the standard deviation values.



Cube results were very high compared to concrete grade design strength.



Core results showed good reproducibility and good representation of each
concrete grade.
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Equivalent cube strength from core test was 28 to 39 for the 30 MPa
concrete grade. It ranged from 24 to 39 for the 35 MPa grade concrete
and 30 to 46 for the 40 MPa concrete grade.



High scatter between actual cube compressive strength and equivalent
cube strength based on the core test result.



Due to the very high values of cube results and the wide scatter, the
equivalent cube strength, determined from core test, was considered the
actual comperssive strength for each mix.



Relation between actual strength of concrete and Rebound number
showed wide scatter.



Direct and semi-direct method of UPV test gave almost same results with
R-square of 90%.



Equivalent cube strength and direct ultrasonic pulse velocity (UPV) value
showed low relation based on linear regression.



Higher w/c ratio resulted in higher passing charge of ions through
specimens during RCPT for example results of company (A).



SR was affected by w/c ratio and wetting during testing.



Rebound number alone have a better relationship with compressive
strength than direct UPV and combining between direct UPV and Rn
show enhancement model.



Relationship between RCPT and SR based on linear regression showed
low correlation.



The high variation in the results of RCPT and SR within each concrete
grade affected the regression analysis. Prediction of RCPT based on SR
or UPV values alone did not yield good accuracy.
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Combining suface resistivity and UPV improved the prediciton of RCPT.



Refining the data points by excluding values exceeding ±20% of the
average greatly improved the prediction accuracy.



The regression equation selected for verification was from the final model
of combining different test results of UPV and SR.



Combined model showed good prediction of RCPT values when applied
to additional mixtures. The model predictedRCPT within ±90% of actual
RCPT values.



The proposed model could be used for evaluating concrete structures in
Al Ain city after calibrating the model with some data points.

6.3 Recommendations
Based on the study results and analysis, the following recommendations are
suggested:


Selection of NDT should consider the limitaions of each test and how the
selected tests would complement each other to overcome these
limitations.



The combining of more than two NDT to predict concrete quality could
improve reliability and accuarcy and needs to be studied.



Prepared design of the experiment to the early stages of combining
different NDT is important in order to improve the modeling.
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